Progression of the Caulobacter cell cycle requires temporal and spatial control of gene expression, culminating in an asymmetric cell division yielding distinct daughter cells. To explore the contribution of translational control, RNA-seq and ribosome profiling were used to assay global transcription and translation levels of individual genes at six times over the cell cycle. Translational efficiency (TE) was used as a metric for the relative rate of protein production from each mRNA. TE profiles with similar cell cycle patterns were found across multiple clusters of genes, including those in operons or in subsets of operons. Collections of genes associated with central cell cycle functional modules (e.g., biosynthesis of stalk, flagellum, or chemotaxis machinery) have consistent but different TE temporal patterns, independent of their operon organization. Differential translation of operon-encoded genes facilitates precise cell cycle-timing for the dynamic assembly of multiprotein complexes, such as the flagellum and the stalk and the correct positioning of regulatory proteins to specific cell poles. The cell cycleregulatory pathways that produce specific temporal TE patterns are separate from-but highly coordinated with-the transcriptional cell cycle circuitry, suggesting that the scheduling of translational regulation is organized by the same cyclical regulatory circuit that directs the transcriptional control of the Caulobacter cell cycle.
T he Caulobacter crescentus cell cycle produces two daughter cell types at each cell division: a nonreplicative motile swarmer cell, and a replication-competent sessile stalked cell. At the time of the asymmetric cell division, each daughter cell activates a different genetic program. Caulobacter has a cyclical genetic circuit that controls the varying temporal and spatial expression of multiple functional modules ( Fig. 1 ) that implement biogenesis of polar organelles, replication and segregation of the chromosome, and cytokinesis (1) (2) (3) (4) . The circular 4-Mb genome has 3,885 ORFs and 199 noncoding RNAs (5, 6) . mRNA profiling by microarrays or RNA-seq (7) (8) (9) (10) and global promoter activity profiles from 5′ Global RACE experiments (11) have shown that several hundred Caulobacter mRNAs have significant temporal transcriptional variation over the cell cycle. The expression of cell cycle-controlled mRNAs largely correlates with the times they are required for the functional modules that implement progression of the cell cycle (8) . The transcriptional activity of most of the Caulobacter cell cycle-regulated promoters is controlled by a genetic circuit comprised of four transcriptional master regulators, a DNA methyltransferase (2) , and a dynamic set of polar-localized phospho-signaling proteins that control asymmetric cell division (12) (13) (14) (15) . Because regulation of translation has an immediate impact on protein production, a major cellular energy drain, tight regulation of translation is essential for rapid cell adaptation to changing circumstances. In eukaryotic cells translational control is known to regulate cell cycle transitions (16) (17) (18) , but the global role for translational control of the bacterial cell cycle has remained largely unexplored. We have used ribosome profiling (19) to determine the global role of translational regulation in differential protein production during the Caulobacter cell cycle. We measured translational efficiency (TE), the ratio of ribosome profiling (RP level)/RNA-seq (RS level) (Materials and Methods), which reflects the relative rate of protein production from each mRNA and thus provides a metric for translational regulation of protein production from each gene (19, 20) . Prior studies have shown that operons which encode multiprotein complexes often modulate TE so that ORFs within the operon are differentially translated to match the stoichiometry of the proteins in the complex (20, 21) . The observed organization of genes that encode proteins that work together into operons with differential TE between genes in the operon is an evolutionarily selected strategy for enhancing robustness against transcriptionlevel stochastic gene expression (20, 22) . Analyses of differential TE in bacterial operons revealed a strong correlation between codon use in ORFs and the corresponding protein stoichiometry in complexes involving the proteins they encoded (23) . However, these studies only investigated the average levels of operon translation in mixed-cell populations, rather than the relation
Significance
The Caulobacter cell cycle is controlled by a genetic circuit that dynamically regulates transcription of nearly 20% of the genome; however, the role of translational control of cell cycle progression is unexplored. To understand the contribution of translational regulation, we measured both mRNA and translation levels at multiple stages of the cell cycle. We found that cell cycle-dependent translational regulation is important for hundreds of genes and also that the positioning of regulatory proteins to a specific cell pole is coordinated by the timing of their synthesis. The cell cycle-regulatory pathway that controls translation rates is linked to the regulatory circuit that controls transcription rates of cell cycle-regulated genes.
between timing of protein production and assembly of the complexes within synchronized cell populations.
Here we explore the global patterns of Caulobacter transcription and translation, particularly the role of dynamic translational regulation in implementation of the cell cycle. By clustering the TE profile over the cell cycle we identify several hundred genes that have strong cell cycle-dependent translational regulation (Dataset S1). The temporal patterns of TE variation fell into a relatively small number of distinct patterns. Notably, we found that the temporal control of translation provides a mechanism for restricting the positioning of regulatory proteins to a specific cell pole. In addition, comparison of the RS and TE profiles suggests many Caulobacter genes have coordinated, but distinct, transcriptional and translational regulatory pathways that modulate the temporal control of cell cycle-regulated genes.
Results
We synchronized C. crescentus (strain NA1000) cells and collected six samples at 30-min intervals over the cell cycle. For each sample, we assayed RS normalized reads per kilobase per million mapped reads (RS RPKM) to determine relative mRNA levels and RP normalized read counts (RP RPKM) to determine relative translational activity (19, 21, 24) . We removed genes where either the RS or RP data series had 0 raw read counts in any sample, leaving 3,048 genes. We determined relative transcriptional and translational activity of these ORFs at each of the six time points in terms of the normalized sequencing read counts that mapped to that ORF. For RS, the normalized read count mapping to an ORF is proportional to the number of the corresponding mRNAs present. The RP normalized read counts mapped to an ORF are proportional to the number of ribosomes bound to the corresponding mRNA and, because virtually all ribosomes complete translation of the mRNA, also to the number of proteins being synthesized from that ORF (20, 21) . With the exception of rapidly proteolysed proteins, this measure is also strongly correlated with the number of proteins present in the cell (21) .
Global Characteristics of Caulobacter Transcription and Translation.
The cumulative distribution of averaged RS and RP RPKM ( Fig. 2A) shows that a relatively small number of genes are responsible for the majority of RS RPKM and of RP RPKM at any given time. The cumulative distribution for the averaged RPKM (representing a mixed or nonsynchronized cell population) shows that 300 genes produce 60% of the RS RPKM and 68% of the RP RPKM; however, the sets of genes with the most RS and RP RPKM are not identical. Fig. 2B shows the cumulative distribution of RS RPKM for each cell cycle time point sample. For the T = 0-min sample (swarmer cell), the 300 genes with highest RS RPKM account for 55% of the RS RPKM (55%), whereas at T = 30 min and later, the distribution changes so that a larger fraction (60-64%) of the total RS RPKM arises from the 300 most highly transcribed genes. A histogram of the changes in RS RPKM over the gene population (SI Appendix, Fig. S1 ) shows a roughly symmetric distribution of increases and decreases in RS RPKM from T = 0 to T = 30 min. However, examination of the 150 genes most strongly up-and down-regulated (SI Appendix, List L1) shows a dramatic change in the composition of the highly expressed gene population: genes associated with the flagellum, pilin, and chemotaxis are strongly down-regulated in this interval, whereas genes associated with cell growth (especially ribosome-and cell wall-associated proteins) are strongly upregulated. SI Appendix, List L1 also shows the genes whose mRNA (RS RPKM) is most strongly up-and down-regulated in the intervals T = 30 to T = 60 min and T = 60 to T = 90 min. The worksheet "Delta RP vs interval" in Dataset S2 has comparable information for RP RPKM changes. These results show that there are ongoing major changes in the composition of the highly expressed gene population as the cell cycle progresses (we do not include the changes in later cell cycle samples, as they begin to include values from next-generation daughter cells along with the late-predivisional cells). Fig. 2C shows that the cumulative RPKM distribution curves for RP are comparable to the RS RPKM shown in Fig. 2B . Note that the RP RPKM are even more concentrated into a few highly translated genes than the RS RPKM. Below we discuss results from clustering the TE profiles of ∼500 genes with highest protein production. Fig. 2C shows that this group of genes comprises about 80% of the cell's protein production. The histogram of the average TEs for 3,048 genes (SI Appendix, Fig. S2 ) shows that 90% of the genes have average TE between 0.4 and 2.0. SI Appendix, Fig. S3 shows average RP plotted versus average RS for genes with average RP > 100; the average TE of these genes is 1.35. As previously observed for multiple bacterial operons (6, 23), we find that the temporal average TE generally varies widely over the genes in operons as, for example, with the Caulobacter sciP operon genes (SI Appendix, Fig. S4 ). Three Examples of Translational Regulation. Fig. 3A shows the RS and RP data for the conserved hypothetical gene CCNA_01154, which encodes a C-terminal DNA endonuclease domain. There are cell cycle-dependent changes in the ribosome density along the CCNA_01154 ORF with ribosomes present on the full length of the mRNA only in the swarmer cell. Thereafter in the cell cycle, the ribosome occupancy drops dramatically after the 29th codon. This finding suggests there is cell cycle-dependent regulation of the ribosome elongation rate or translation termination for this gene. In Fig. 3B , the 50S ribosomal subunit protein L13 rplM/rpsI (CCNA_01440/CCNA_01441) operon has near constant RS, RP, and TE throughout the cell cycle. In contrast, both ORFs in the CCNA_01375/CCNA_01376 operon exhibit cell cycle-dependent changes in RP. CCNA_01376, encoding a putative glutathione S-transferase, has a substantial decrease in RP RPKM over the cell cycle, whereas CCNA_01375 has a much smaller decrease. The TE of CCNA_01375, encoding a putative lactoylglutathione lyase, has relatively small variation (1.90-1.55), whereas CCNA_01376 has a larger variation (1.09-0.50). Fig. 3C shows ftsW, a gene with an internal promoter that drives expression of a short 36-amino acid isoform of the FtsW protein (6). The two FtsW isoforms exhibit differential translational regulation: The N-terminal portion of the mRNA encoding the full-length protein has a fourfold variation in TE peaking in the early predivisional cell, whereas the short form undergoes a twofold variation that is lowest in the early predivisional cell. These three examples illustrate the flexibility and diversity of the bacterial cell's dynamic transcriptional and translational regulatory mechanisms.
Patterns of Translational Regulation. Among genes with the largest cell cycle variation in TE, similar profiles are found across many groups of genes, which in many instances include subsets of genes in an operon. Independent of the operon structure, some groupings of genes and subsets of operons have internally consistent RS and consistent TE temporal profiles, but the common RS and TE profiles in these cases sometimes differ from each other. For example, the eight-gene sciP operon has at least two distinct RS profiles ( Fig. 4A ) (CCNA_00948-00949 and CCNA_00951-00956), and three different TE profiles (CCNA_00948, CCNA_949-950, and CCNA_00951-00956). The fliL operon (Fig. 4B ) has a similar diversity of RS and TE cell cycle profiles. in a cascade that controls stalk biogenesis. The ordering of the different RS peaks in the three groups follows the order of stalk assembly (25, 26) . The second gene group (CCNA_01296-02562) shows comparable profiles for genes in three separate operons; the third gene group also shows comparable RS-TE profiles across operons, but it is a different profile from the second group. The 11 flagellar proteins in Fig. 5C are in three operons whose expression patterns fall into two TE profiles (CCNA_01525-01541 and CCNA_02142-02145) and two disjointed RS profiles (CCNA_01525-01526 and CCNA_02137-02145). The operon CCNA_02142-02145 shows a TE profile that is distinct from the other two operons in Fig. 5C . In all cases in Fig. 5 , the RS and TE profiles are each internally consistent, while differing from each other. The stalk and flagellar proteins are each required for assembly of the two structures at specific times in the cell cycle. In each of these cases, the respective operon proteins are required in a particular temporal order to create the structure. The chemotaxis proteins are also needed at a specific time in the cell cycle, but without the strong ordering requirement. These various functional requirements are strongly reflected in the RS and TS regulatory profiles shown.
Clustering Identifies Genes with Distinctive TE Patterns over the Cell Cycle. We selected 484 genes with: (i) RP RPKM >100 in each sample, (ii) ratio of (maximum TE)/(minimum TE) > 1.5, and (iii) relatively low noise in the TE profile (by low-pass filtering).
(The maximum and minimum in the Max/Min ratio being within the six sample times for each gene.) We clustered the normalized TE profiles of these 484 genes into 14 clusters using a k-means algorithm (Dataset S1). The last two columns on the right of the cluster table have normalized minibar charts of the temporal profiles of the RS RPKM and TE. Fig. 6 contains a sample of the clusters from the full cluster table (Dataset S1), which is too large to include here. Observations from comparison of profiles in Dataset S1 include: (i) cell cycle-dependent translational regulation (i.e., translational efficiency or TE) for several hundred genes; (ii) a relatively small number of distinctive TE patterns; (iii) the RS and TE profiles are more strongly correlated in the clusters (e.g., 1-4 and 6) that have on average larger MaxTE/ MinTE ratios; and (iv) clusters with relatively low MaxTE/MinTE ratios (e.g., 13 and 14) show much less RS-TE profile correlation.
Dramatic Cell Cycle-Dependent Changes in the Cell's Protein Complement. The changes in the RP RPKM between our temporal samples show alterations in the cell's protein synthesis priorities as the cell cycle progresses (see Dataset S2 "Delta RP versus interval" worksheet). There is a strong increase in production of ribosomal proteins during the swarmer-stalk transition (T = 0 to T = 30 min) and in early stalked cell development (T = 30 to T = 60 min). Production of proteins needed for the upcoming largescale production of new cell wall (e.g., the RsaA S-layer protein and components of the TonB-dependent receptor complexes) is also notably increased. In the T = 0 to T = 30-min interval, production of numerous proteins is also greatly reduced, notably including proteins associated with the pili, flagellum, and chemotaxis subsystems. There is no correlation between the increases in transcription and the average TE over T = 30 and T = 60 min (SI Appendix, Fig. S5 ).
It is of interest that cluster 3 of the genes with strong TE regulatory profiles contains seven ribosomal protein genes where the TE increases significantly in the sample period just before the increase in RS (Dataset S1). Similarly, Fig. 5 shows three examples for chemotaxis, holdfast, and flagellar genes where TE increases before a significant increase in RS for genes. It does seem reasonable that increasing TE before an increase in transcription could be an efficient strategy to ensure that translation machinery is available when mRNAs are produced. Just as these genes in Fig. 5 are considered to be transcriptionally coregulated genes, they must also be considered to be translationally coregulated.
A similar pattern is observed in the divisome proteins that are components of the cell-division machine (27) . Of 23 divisome proteins, 5 (FzlA, FtsQ, FtsK, FtsL, and FtsB) have this characteristic (worksheet "Divisome Genes" in Dataset S2). These five proteins arrive at the division plane over 25 min: first FzlA, then in 15 min FtsQ, FtsK, and FtsL, then after another 10 min, FtsB (see figure 4B in ref. 27 ). In the case of FtsQ, FzlA, and FtsK, TE clearly increases before the increase in RS, reflecting the anticipatory translational regulatory pattern noted above. These distinct and coordinated RS and TE maxima over the cell cycle are presumably the result of selection for efficient protein production.
SpmX Is Synthesized in the Swarmer Cell for Immediate Localization
to the Cell Pole. In Caulobacter cells protein complexes of different composition are assembled at opposite cell poles where they control cell-type-specific functions, including signaling protein-mediated differential expression of the genome after cell compartmentalization and MipZ-directed positioning of the divisome (12, 13, 15, (28) (29) (30) (31) . During the swarmer to stalked cell transition, the protein complex of the formerly flagellated pole is replaced by the proteins required at a stalked pole protein complex. The SpmX polar protein localization factor and bactofillin BacB synthesis is timed so that both RS and RP levels peak in the swarmer stage, whereas the other proteins are most strongly produced later in the early stalked cell phase (Dataset S1). Thus, the cell uses both transcriptional and translational control to produce these proteins when needed and in the needed quantities. The polar protein assembly factor PopZ has two TE peaks; the first in the swarmer cell is coincident with the synthesis of stalk pole localization factor SpmX, and the second in the stalked cell is coincident with synthesis of the swarmer pole localization factor PodJ (Dataset S1).
We investigated the timing and positioning of one of these polar proteins, the SpmX localization factor. SpmX is a component of the signaling complex that is positioned at that the stalked pole during the swarmer-to-stalked cell transition (28, 30) (Fig. 7A) . Both transcription and translation of spmX are strongly activated in the swarmer cell, and SpmX is then immediately localized to the stalked pole (30) , where it binds directly to the polar PopZ polymeric matrix (28) . As the cell cycle progresses, a second PopZ matrix is established at the pole opposite the stalked pole. Importantly, SpmX is synthesized in the nascent stalked cell only when the PopZ matrix is present at the stalked pole, which assures that SpmX is localized to the correct pole. This multiprotein complex at the stalked pole is central to the asymmetric signaling cascade that yields the differentiated swarmer and stalk cells at the next cell division (12) .
To confirm that the time of spmX mRNA translation corresponds to the time of formation of the stalked pole complex, we attached two tandem fluorophores to the C terminus of SpmX, a slow-maturing mCherry and a fast-maturing superfolder GFP (sfGFP), to create a fluorescent "timer" (Fig. 7B) . This construct enables identification of newly synthesized SpmX proteins by differentiating the sfGFP and the mCherry signals (32) . As a control, we fused the C terminus of the constitutively expressed β′ subunit of RNA polymerase to the fluorescent timer. The maximum SpmX sfGFP-to-mCherry signal ratio occurred in the swarmer cell (Fig. 7B) corresponding to the burst of transcription, indicating that SpmX is made immediately and quickly localized to the stalked cell pole (Fig. 7A) . The GFP-to-mCherry signal ratio gradually dropped throughout the cell cycle, reaching a minimal value at 150 min, because of the additional time required for mCherry to mature (Fig. 7B) . For the constitutively produced β′-subunit of RNA polymerase, the ratio of sfGFP-to-mCherry signal remained nearly constant throughout the cell cycle.
Discussion
This work examines the role of coordinated transcriptional and translational control in bacterial cell cycle regulation. Many bacterial translational regulatory mechanisms have been characterized, some global in action and others narrowly targeted (33) (34) (35) . The cases shown in Figs. 4 and 5 and the clusters in Dataset S1 show that there are Caulobacter translational regulatory pathways that produce distinctive globally coordinated and cell cycle-dependent TE profiles. Those cases show that a pathway may provide consistent control of all or part of the genes in operons or consistent control of a disparate group of genes relatively independent of the operon structure. In many cases, particularly for genes with the most distinctive TE changes over the cell cycle, there is a correspondingly distinctive (but not necessarily identical) RS profile. We know that the RS transcriptional cell cycle profiles are coordinated by a well-characterized cyclical genetic circuit (1, 2, 11, 36) . We predict that the timing of pathways driving the TE profiles will be found to be likewise coordinated by regulatory links to elements of that genetic circuit.
Our RS results for small noncoding RNAs are in the worksheet "ncRNA data" in Dataset S2. There are 138 intergenic segments annotated as ncRNAs. Eighteen of these were not expressed under the growth conditions of this experiment. About half of the remaining 120 ncRNAs show a significant cell cycle-dependent expression profile (shown in the "ncRNA data" worksheet in Dataset S2). Transcription factor binding sites upstream were previously identified for 11 of these RNAs (11), and it is intriguing that one or several binding sites for Caulobacter master cell cycle regulators are associated with ncRNAs with dynamic cell cycle profiles ("ncRNA data" worksheet in Dataset S2). A search for conserved motifs in the region of the translation start sites was nonproductive. Determination of the connection between these cell cycle-regulated ncRNAs and translational regulation, if any, remains an open question for future investigation.
The example of the timing of SpmX protein synthesis and localization into the stalked pole signaling complex (Fig. 7) shows how the cell coordinates SpmX production with its localization to the stalked pole, and then strongly represses both spmX transcription and translation at the time of cell division when the new flagellated polar complexes are being produced. This assures presence of SpmX only at the stalked pole in each cell generation as needed for the proper implementation of asymmetric cell division. Interestingly, another polar protein, the CpaE pili localization factor, exhibits a similarly coordinated transcription and translational regulation, but occurring later in the cell cycle so that CpaE is only inserted into the flagellated cell pole (SI Appendix, Fig. S6 ). In both instances, transcription of the gene peaks sharply near the time when the protein is needed for polar insertion, and translation is relatively repressed except near that time.
Our results demonstrate that Caulobacter uses cell cycledependent translational regulation that for strongly expressed proteins is generally coordinated with cell cycle-dependent transcriptional regulation. Although we do not identify the molecular mechanisms underlying the observed time-dependent TE profiles, we can infer some general properties of those mechanisms. For example, the respective strong transcriptional (RS) and translational (TE) profiles in each of the TE clusters 1-3, 6, 9, and 11 (Dataset S1) are different from each other but largely consistent for the genes in each cluster. Notably, the clustering was done on the TE temporal profiles, so there was no selection for the transcriptional profiles. As noted above, these coordinated RS and TE temporal patterns suggest that the respective translational regulatory pathways are also driven by a connection to the cyclical genetic circuit that drives the cell cycle-dependent transcriptional regulatory pathways.
In eukaryotic cells, translation is globally regulated by a switch from the canonical scanning mode of translation initiation to an internal ribosome entry site-mediated mode of initiation at the G2/M phase transition (37, 38) . To our knowledge, the changes in translation initiation pathways have not been explored as a function of the phases of the bacterial cell cycle. In Caulobacter three modes of translation initiation exist: leaderless, leadered Shine-Dalgarno, and nonleadered Shine-Dalgarno (6). We found that mRNAs with moderate affinity Shine-Dalgarno sites have the strongest changes in TE during the cell cycle, whereas leaderless mRNAs and leadered non-Shine-Dalgarno containing mRNAs appear to undergo less dramatic changes in translation (SI Appendix, Fig. S7 ), suggesting that the preferred pathway of translation initiation may be changing during the cell cycle. Indeed, these strongly regulated moderate-affinity ShineDalgarno-initiated mRNAs are preferentially translated during the swarmer-to-stalk cell transition (Dataset S1). The protein ratio of translation initiation factors in Escherichia coli cells can alter the preferred initiation pathway (39, 40) . Notably, the translation patterns of the translation initiation factors themselves all appear to be changing as a function of the cell cycle (Dataset S1), where IF-3 is produced at its highest level during the swarmer-stalk cell transition and IF-2 is produced at its highest level during cell division. This finding suggests that the changing ratio of initiation factor protein levels alters global translation patterns.
It has been proposed that the dominant selective pressure for tight cellular control of protein production rates is the energy cost of synthesizing highly expressed proteins (20, 21) . However, the selective pressure to translate proteins, such as SpmX and CpaE, in short time-windows just when they are needed must be driven not only by cellular energy economics, but also by the necessity to avoid harmful effects of mistimed protein production. In each cluster there are genes with high expression levels and others with low expression levels, but with similar RS and TE profiles. How could this come about? Our conjecture is that evolution of the molecular mechanisms that produce particular temporal profiles is primarily driven by the strong selective pressures for tight control of the most highly expressed genes, and then there are fitness advantages-but little energy cost-for lower expressed genes to adopt these mechanisms.
Materials and Methods
Cell Preparation and Synchronization. Caulobacter strain NA1000 was grown in minimal growth medium (M2G) (11) and synchronized by isolating swarmer cells (41, 42) . Six samples were taken at 30-min intervals over the span T = 5 to T = 150 min. (In the text and in the analysis, the T = 5-min sample is treated as at T = 0 min.) Over 150 min, the initially isolated swarmer cells grew in M2G with an initial OD 600 of 0.3-0.4. For each sample, the cells were treated with 100 μg/mL chloramphenicol for 2 min, rapidly collected by centrifugation, and flash-frozen in liquid nitrogen (6) . Lysates were prepared by milling frozen cells in a Retsch mixer mill mm400, as in ref. 6 ; aliquots were then used for RS and for ribosome profiling.
Ribosome Profiling and RS. RS (11) and RP (6) samples were prepared as described previously, with the exception that the ribozero rRNA extraction kit (Epicentre) was used to subtract rRNA for RS, and the resulting DNA libraries were sequenced on an Illumina HisEq. 2000. Resulting reads were trimmed of the sequencing adapter and aligned to the genome using bowtie 0.12.8 (43) . Reads aligning to noncoding genes (tRNAs or rRNAs) were not included in datasets nor considered in the analysis. Read counts are given in the worksheet "Read counts" in Dataset S2.
Ribosome footprints were center-weighted to reflect the position of the decoding center as described by Oh, et al. (44) . For the analysis of RS and RP profiles, we quantified transcript levels as RPKM (45) . Thus, RPKM nt = N nt / (len n /R t ) where N nt = number of reads for gene n at time point t, len n = length of gene n in kilobases, and R t = total number of non-rRNA/non-tRNA reads in the sample taken at time t in millions). To eliminate data from initiating or terminating ribosomes, the first 10 and last 5 codons were excluded from the RPKM calculation (11, 46) . However, for genes with small (fewer than 50 codons) ORFs, the entire length of the ORF was included in the RPKM calculation. For each gene at each time point we calculated the translational efficiency using TE = ribosome profiling RPKM /RNA-seq RPKM . The highly unequal distribution of both gene transcription and mRNA translation plus the changing composition and activity of these functions over the cell cycle (Fig.  2) has potential for introducing artifacts when comparing relative activity at different time points. However, our analysis here is focused only on the genes with the strongest temporal TE changes over the cell cycle and the highest RP RPKM, so this not a concern.
The resulting source data used for this paper is in the "Cell cycle expression levels" in Dataset S2, and the data has been deposited in the National Center for Biotechnology Information Gene Expression Omnibus with accession no. GSE68200. In addition, the RS and RP data are installed for visualization using the online CauloBrowser tool (47) .
Analysis.
Clustering. The discrete cosine transform (DCT) coefficients for each sixelement TE profile vector was calculated, normalized so that the mean of the inverse transform is one. Thus, the first coefficient of the DCT is 1 (the mean) and the remaining five coefficients contain all of the profile shape information. We then k-means-clustered these latter five coefficients to obtain 14 clusters of genes with similar TE temporal profiles (Dataset S1). The same method was used to cluster RP profiles and the resulting clusters are shown in Dataset S3. Because the RP RPKM values are proportional to the protein production rate from each gene at the time of the sampling, these clustered RP profiles give the best available insight into the cell cycle profile of protein production from each gene. Correlation of antisense transcription start site profiles with the TE profiles. The correlation of cell cycle-regulated antisense transcription start site activity measured by 5′ Global RACE (11) with RS and TE is reported in Dataset S4.
Fluorescent Timers. The fluorescent timer plasmid (pTimerC-4) was generated by fusing sfGFP to the C terminus of a slow-maturing mCherry in the pChyC-4 plasmid. A serine-glycine rich linker fused to sfGFP was inserted downstream of mCherry pChyC-4 (48) using Gibson assembly (49) . The PCR products and the PCR primers used in the Gibson assembly reaction are in SI Appendix.
The resulting plasmids were sequence-verified and transformed into strain NA1000 by electroporation and selected on PYE Gent plates. NA1000 cell populations harboring the spmX::Timer and B′RNA-pol::Timer constructs were grown in M2G at 28°C. Swarmer cells were isolated (41, 42) and allowed to proceed synchronously through the cell cycle. At 30-min intervals we collected 1 μL of cells and imaged them on a 1.5% agarose pad buffered with M2G. To quantify the GFP-to-mCherry signal ratio, we calculated the background subtracted GFP and mCherry intensity using imageJ. The GFP and mCherry ratio was calculated for each cell and the average GFP to mCherry ratio measurements for each time point were obtained for >50 cells.
